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Genetic Immunization 

H.CJ. ERTL and Z.Q. XIANG 
ABSTRACT 

Genetic immunization, the latest addition to the field of vaccinology, has shown, in a num- 
ber of animal models, to be an efficacious approach to induce protective immunity to in- 
fectious diseases* The advantages of DNA vaccines are their ease of construction, the low ex- 
panse of mass production, their high temperature stability, and their ability to induce a full 
spectrum of exceptionally long-lasting immune responses including cytolytic T cells. Their 
potential disadvantages are putative safety issues such as integration into the host cell 
genome* The slow development of the immune response to genetic immunization will make 
these vaccines unsuitable for treatment of some infectious diseases such as postexposure vac- 
cination to rabies virus, where a rapid immune response is warranted. Although only time 
will tell if genetic immunization provides a viable alternative for human immunization, in 
the meantime this approach provides immunologists with a powerful tool to gain further in- 
sight in the mechanisms that drive primary immune responses. 

INTRODUCTION 

Direct in situ gene transfer by inoculation of plasmid vectors was initially developed for postnatal gene 
therapy which aims at replacing missing or faulty genes (1). During these studies intramuscularly in- 
jected circular DNA was found to be taken up by muscle cells without requiring any of the special deliv- 
ery systems needed for efficacious in vitro transfection of cell lines (2-4). The inoculated DNA stayed epi- 
somally for a prolonged period of time causing expression of the vector-encoded proteins that in the initial 
studies were reporter proteins such as chloramphenicol acetyltransferase, luciferase, and 0-galactosidase. 
Two years after these findings another group made the quantum leap and upon inoculation of mice with a 
plasmid vector expressing a foreign protein demonstrated stimulation of an antibody response that started 
the era of DNA vaccines also called genetic immunization (5). The later term was coined by S.A. Johnston, 
who rightfully felt that the name DNA vaccine implied the intention to induce immunity to DNA (S.A. 
Johnston, personal communication). Now, only 3 years later, genetic immunization that not too long ago 
was unkindly referred to as the "biological equivalent of cold fusion" (6) is coming of age not just as a po- 
tential vaccine approach but also as a tool to study basic immune responses. Genetic immunization has a 
number of advantages over traditional vaccines. Plasmid vectors can be constructed rapidly and with com- 
parative ease. Cloning a gene into a commercially available vector with a suitable multicloning site and 
testing expression of the protein by transient transfection can be achieved within a week. Cloning the same 
gene into a vaccinia recombinant virus takes well over a month. Growing a large batch of plasmid takes, 
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including purification and quantitation, 2-3 days; generating a large batch of recombinant vaccinia virus 
takes, including purification by gradient centrifugation and titration by a plaque assay, at least 2 weeks. The 
generation of other viral recombinants such as El -deleted adenoviral recombinants is even more time con- 
suming. Needless to say that the expense of producing recombinant viruses is several magnitudes higher 
than that of generating expression vectors. Circular DNA is stable, can be boiled, precipitated with ethanol, 
and shipped to collaborators in an envelope, procedures that would fare poorly with a recombinant virus. 
If plasmid vectors will ever be used for mass vaccinations their high temperature stability will be of ex- 
treme value, especially for developing countries where cold chains are difficult to maintain. 

The technical ease of generating expression vectors is one of the reasons why the field of genetic im- 
munization has progressed explosively in the past 3 years. In this review we will summarize the most per- 
tinent features of published data and discuss some of the issues that remain to be investigated. 

Experimental models of genetic immunization. The first report of induction of a B cell response upon 
genetic immunization of mice using the human growth factor as the antigen (5) has been confirmed in a 
variety of other systems. Using an expression vector for the influenza virus nucleoprotein, stimulation of 
cytolytic T cells was demonstrated upon genetic immunization (7). The same report furthermore showed 
induction of protective immunity to challenge with the virus. Subsequent studies described stimulation of 
both humoral and cell-mediated immunity upon inoculation of vectors expressing a wide variety of anti- 
gens such as the hemagglutinin of influenza virus (8), the envelop protein of human immunodeficiency 
vims (HIV) 1 (9), the glycoprotein of rabies virus (10), the glycoprotein B of herpes simplex virus (11), 
the core protein of hepatitis C virus (12), the hepatitis B virus surface antigen (13), the circumsporozoite 
protein of Plasmodium yoelii (14), and the major surface protein of Leishmania major (15). Regardless of 
the antigen or the technical approach of genetic immunization, the reports were rather similar by describ- 
ing stimulation of antibodies and cytolytic T cells and, where the appropriate animal model was available, 
induction of protection to challenge with the pathogen. The initial studies conducted in mice were rapidly 
and successfully expanded to other species such as ferrets (16), rabbits (17), primates (18), chicken (8), and 
cattle (19). Most publications reported success; failures tend to get rejected and thus remain unpublished. 
We found in the rabies virus system that although the viral glycoprotein, a surface protein that stimulates 
in context of the virion or a vaccinia rabies glycoprotein recombinant virus T helper cells, neutralizing an- 
tibodies, and cytolytic T cells, could readily induce an immune response upon inoculation of an appropri- 
ate expression vector, the nucleoprotein of rabies virus/which, if presented to the immune system in a dif- 
ferent form elicits a potent T helper *nd B cell response but no cytolytic T cells, failed^ to stimulate a ; 
measurable response upon genetic immunization. This shows that although any antigens can be delivered 
by genetic immunization, some proteins upon expression by plasmid vectors remain immunologically silent. 
The principles that govern success versus failure of genetic immunization with regard to each individual 
^protein remain to be elucidated. Cellular localization of the foreign protein might play a role; the nucleo- 
protein of rabies virus remains intracellular, while the glycoprotein is expressed on the cell membrane. Other 
intracellularly retained antigens such as the nucleoprotein of influenza A virus (7) have been used suc- 
cessfully as genetic vaccines. The influenza virus nucleoprotein as opposed to the nucleoprotein of rabies 
virus stimulates a cytolytic T cell response. Correlating the two findings and predicting that the potential 
ability of a protein to induce cytolytic T cells is a prerequisite for an intracellular antigen to be immuno- 
genic upon genetic immunization are tempting, but require further confirmation. 

Conditions that affect the efficacy of genetic immunization. Transfer of plasmid DNA in situ was ini- 
tially demonstrated upon intramuscular inoculation (2). In the meantime, successful immunization has been 
demonstrated by a number of other routes such as upon intradermal (5,20) and intravenous injections and 
upon application to mucosal membranes (8). In several studies the fate of the DNA upon inoculation was 
investigated (2-5). Transfected cells could be demonstrated only close to the site of injection. In one study 
DNA was inoculated into the tip of the ear of mice. Within minutes the ear was surgically removed. 
Nevertheless, the mice developed antibodies to the vector encoded protein (S.A. Johnston, personal com- 
munication), which contradicts the finding that the DNA stays stricdy locally at the site of inoculation. A 
minute amount of DNA, below the level of detectability that either remained extracellularly or was taken 
up by migratory cells, might reach the lymph nodes where vector-encoded antigens upon processing and 
presentation by dendritic cells could initiate an immune response. 
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Some studies have used saline to dilute the DNA prior to injection (13). We have used distilled water 
(10); others have used hypertonic solutions based on sucrose (4). Drugs causing muscle damage such as 
buvocain (9) or cardiotoxin (13) were shown by some investigators to improve the efficacy of genetic vac- 
cines. Immune responses have been induced upon injection of DNA with a syringe (10,13), upon intrader- 
mal inoculation of DNA coated to gold particles using a gene gun (5) or upon intramuscular injection us- 
ing a pneumatic gun (21). All of these approaches resulted in an immune response, and there is no clear 
indication that one method is truly different or superior to the other. Injecting the DNA in a larger rather 
than a smaller volume seems to give better results. Gene gun delivery of DNA coated to gold particles al- 
lows a reduction of the amount of DNA; while a good immune response to DNA delivered by a syringe 
requires anywhere from 10 to 100 fig of vector, particle bombardment allows a reduction down to the 
nanogram range. 

The level of expression of the vector-encoded protein presumably affects the magnitude of the immune 
response. Level of expression depends on a variety of variables such as stability of the RNA, copy num- 
ber of vector per cell, presence of introns in the expression vector, and spacing between the regulatory el- 
ement and the gene. One of the most important factors is the type of promoter that drives expression of the 
protein. Most genetic vaccines rely on viral promoters that function in a wide spectrum of cells. The early 
promoter of cytomegalovirus (CMV) and the Rous sarcoma virus were both shown to work well in genetic 
vaccines. The simian virus (SV) 40 promoter that, depending on the cell type, causes only 2-5% of the ex- 
pression initiated by the CMV promoter was found by some investigators to be inappropriate as a regula- 
tory element in genetic vaccines (4). Nevertheless, for genetic vaccines encoding the rabies virus glyco- 
protein, vectors based on the SV40 promoter induced a good immune response (4). Replacing the SV40 
promoter with the more potent CMV promoter, leaving all other parameters of the plasmid intact, did not 
improve the immune response to the rabies virus glycoprotein (22). In vitro expression of the glycoprotein 
upon stable or transient transfection with the vector based on the SV40 promoter could readily be demon- 
strated. Vectors that contained the CMV promoter induced only a very transient expression of the rabies 
virus glycoprotein, which most likely reflects toxicity of this protein upon overexpression (22). In addition 
to viral promoters, mammalian promoters such as the /3-actin promoter (5) and the MHC class I promoter 
(Ertl et al., unpublished data) have been used successfully in genetic vaccines. To summarize, with regard 
to the regulatory unit driving expression of the foreign protein, strong promoters with broad tissue speci- 
ficity are generally best, although for proteins that have a toxic effect upon overexpression, weaker pro- 
moters leading to lower but sustained expression might be advantageous. 

The immune response to genetic immunization. As already mentioned, genetic immunization results 
in a full spectrum of immune responses to the expressed protein including antibodies, T helper cells, and 
cytolytic T cells. Although we initially published the T helper cell response to be of the Thl type charac- 
terized by secretion of interleukin (IL)-2 in absence of IL-4 (10), further studies such as isotype mapping 
of the antibody response indicated that at least in the rabies virus system the response is a mixed ThO like 
response that results in both. IgG,, IgG^. and IgG 2b type antibodies. Interferon-y (IFN-y), a cytokine that 
is typical for a mature Thl response, was not secreted at high levels by T helper cells induced to the ra- 
bies virus glycoprotein upon genetic immunization. 

The kinetic of the immune response to genetic immunization was clearly different from that observed af- 
ter traditional vaccines. In most systems animals inoculated with a plasmid vector developed an immune 
response rather slowly. Antibodies in our system based on the rabies virus glycoprotein could not be demon- 
strated until 3-5 weeks after vaccination. They reached peak titers approximately 10 weeks after a single 
immunization and then remained at a constant level for at least 11 months (the latest time point we have 
tested thus far, 22). Other groups obtained comparable results; a slowly increasing immune response that 
then remained at plateau levels for the lifespan of the mouse. Booster immunizations had in general little 
effect on the response. Initial claims that repeated immunizations given in 2 or 3 week intervals after prim- 
ing did have a booster effect were most likely a reflection of the slow on-rate of the immune response to 
genetic vaccines (10). Although in the majority of systems the immune response to genetic immunization 
was exceptionally long lasting, in some cases a rapid decline of antibody titers could be observed. One ex- 
ample was a genetic vaccine to the gpl20 of HIV-1 that resulted in a transient antibody response that could 
not be sustained by booster inoculations (23). Whether this reflects tolerization to this protein remains to 
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be investigated. We found that coimmunization of mice with a vector expressing the rabies virus glyco- 
protein and an additional vector expressing mouse granulocyte macrophage^olony-stimulating factor (GM- 
CSF) caused an .ncrease of the initial immune antibody response followed by a decline (24) These results 
mat are described in more depth below lead us to assume that a potent imnle response to 

r^t'nTT* KS "l in rapid diminati0n ° f *° ""I*** musc,e cells - bating the antigen 
required for the sustained immune response. 

Mechanisms of genetic immunization. The precise mechanism of initiation of an immune response upon 

f ntm^Mr? 0 " Km TYl te e,Uddated M ° St StUdieS l ° have used intramuscular InoculaLn 
of plasmid DNA. In several of these studies expression of proteins such as 0-galactosidase (2) or hepatitis 
B virus surface antigen (25) was demonstrated in myoblasts and myotubes leading to the suggestion that 
muscle cells process and present the antigen and stimulate a primary immune response. Muscle cells ex- 
press only low levels of MHC class I antigen and they lack MHC class II expressed). IFN-y was shown 
in vuro to upregulate MHC class I expression and to induce MHC class II expression on a number of cells 
mcluding muscle cell hnes (26). Transfection of muscle cells using a syringe causes minimal damage and 
does not result in an extensive histologically visible inflammatory reaction that might provide IFN-y which 
then, in turn, might locally upregulate MHC expression. Coimmunization of mice with an antigen-expressing 
vector and a plasmid expressing IFN-y did not enhance the immune response (24), as would be expected 
if the density of MHC class I and II determinants on the transfected muscle cells was a limiting factort 
initiating the immune response to genetic immunization. To the contrary, in most of our experiments IFN- 
y caused a slight but significant decrease in both the B and T helper cell response to the rabies virus gly- 
coprotein encoded by a plasmid vector (24). Furthermore, induction of a primary T cell-mediated immune 
response as a rule requires presentation of the antigen by professional antigen-presenting cells, such as den- 
dntic ceUs that in addition to MHC class I and II determinants carry so-called costimulatory signals (27-29) 
such as B7. 1 or B7.2 that are not expressed on most cells including muscle cells. Encounter of naive T cells 
with antigen presented by cells that lack such costimulatory signals leads to tolerance as has been shown 
conclusively for T helper cells. The requirements for stimulation of virgin cytolytic T cells are less well 
defined but are assumed to follow a similar pathway. A recent report described induction of a primary cy- 
tolytic T cell response upon immunization of mice with fibroblasts transfected with a vector encoding an 
antigen of lymphocytic choriomeningitis virus (30). In F, mice, the response was restricted exclusively to 
the MHC elements present on the transfected cell lines. The authors interpreted these results as evidence 
Aat activation of primary cytolytic T cells does not require costimulatory signals. We had demonstrated 
earlier that an L929 cell line transfected with a vector expressing the rabies virus glycoprotein stimulated 
in mice a potent T helper and B cell response and hence protection to challenge with a virulent strain of 
the virus (31). Our interpretation was that the antigen was reprocessed and presented by professional anti- 
gen-presenting cells. Assuming for the time being that cytolytic T cells can be induced by transfected fi- 
brob asts or muscle cells, their sustained activation requires IL-2. In absence of T helper cells their response 
should decline rapidly, which is in contrast to what has been observed upon genetic immunization 

Dendntic cells, considered the primary antigen-presenting cells, are present throughout most tissues (32) 
Upon encounter of antigen they become activated and migrate to the local lymphatic organs, where they 
inmate an immune response. Activated effector T cells then return to the sites of antigenic infestation and 
start removing the antigen. Once the antigen has been eliminated the acute phase of the immune response 
declines and the effector T cells undergo apoptosis. B cells remain activated at low levels by antigen re- 
leased from so-called ICOSOMs present on follicular dendritic cells in lymph nodes (33.34). If the antigen 
has to be presented by dendritic cells upon genetic immunization, the question arises how dendritic cells 
acquire the antigen. The initial inoculation might lead to limited muscle cell damage Dying cells are un- 
able to synthesize vector-encoded proteins and are thus an unlikely source of antigen. Some antigens can 
be secreted by the transfected muscle cells; others stay intracellular^. The glycoprotein of rabies virus re- 
mains firmly anchored to the cell membrane; our attempt to demonstrate secretion of this protein from trans- 
fected ceU hnes m amounts sufficient to trigger activation of T helper cell clones were unsuccessful We 
tested if forcing secretion of the rabies virus glycoprotein by inserting a stop codon just upstream of the 
o-ansmembrane domain improved the immunogenicity of vector-encoded rabies virus glycoprotein The T . 
helper cell response to the secreted form of the protein was comparable in magnitude to that of the mem- 
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brane bound protein (35), indicating that secretion was not required for appropriated presentation of the 
antigen. Cytolytic T cells might be activated initially by antigen expressed by transfected muscle cells lead- 
ing to their death, thus causing release of vector-encoded antigen. The antigen might then be taken up, 
processed, and presented to T helper cells by professional antigen-presenting cells. Although this mecha- 
nism cannot be ruled out at the moment, kinetic studies indicated that activation of T helper cells precedes 

, stimulation of cytolytic T cells in this system (10). In our mind the most likely pathway for initiation of an 

immune response by genetic immunization is the direct transfection of professional antigen-presenting cells. 
The number of antigen-presenting dendritic cells needed to initiate an immune response is minute, and lack 
of histological evidence for direct transfection of dendritic cells might reflect either that their number is be- 

1 low the level of easy detectability or, alternatively, that they rapidly leave the site of inoculation and mi- 

grate to the draining lymph nodes. This interpretation is compatible with S.A. Johnston's finding that sur- 
gical removal of the site of DNA inoculation failed to abrogate the immune response and with our data 

i showing that GM-CSF, a cytokine that activates dendritic cells, improved the T helper cell response to ge- 

netic immunization. 

; Another issue that requires further thought and investigation is the unusual kinetic of the immune re- 

^ sponse. The slow on-rate of the immune response that in our system requires at least 2-3 weeks until serum 

antibodies become detectable, not reaching peak titers until 10 weeks after immunization, might simply re- 
flect that only a small amount of antigen is presented in an appropriate form to the immune system. Although 
in some systems a significant number of muscle cells was shown to express antigen, their lack of MHC 
> class II expression renders them unrecognizable for T helper cells needed for the promotion of a mature B 

i cell response and their low levels of MHC class I expression reduces their ability to efficiently present epi- 

j topes to cytolytic T cells. DNA transfection as opposed to virus infection causes no or only minimal dam- 

! age to the afflicted cells, thus allowing the antigen to remain, at least in absence of an efficacious immune 

response, expressed for an indefinite period of time in nondividing cells. The combination of these two fac- 
tors might lead to the slowly accumulating immune response. 

How does a low dose of appropriately presented antigen sustain a constant immune response for the life 
span of a mouse? Admittedly, a mouse only lives, even under optimized condition, for about 2 years. Further 
studies in larger species with a longer life expectancy are thus needed to confirm that genetic immuniza- 
tion indeed achieves life long immunity and protection to microbial challenge. Although only limited data 
are available thus far comparing duration of protection upon inoculation with a traditional vaccine such as 
an inactivated virus or a live recombinant with that upon genetic immunization, they suggest that the vec- 
tors result in a longer lasting immune response (22,25,36,37). This is especially puzzling, for example, in 
our system, based on the rabies virus glycoprotein. Here the antibody response, which is the only immune 
response needed to limit the spread of rabies virus (38), is initially, during the early phase after vaccina- 
tion, several orders of magnitude higher in animals vaccinated with either inactivated rabies virus or a vac- 
cinia rabies virus glycoprotein recombinant. One speculative explanation might be that muscle cells by be- 
ing very poor antigen-presenting cells serve as an antigen reservoir. The low levels of MHC class I expression 
| might prevent cytolytic T cells from readily recognizing and eliminating the transfected muscle cells. Once 

in a while a cytolytic T cell might nevertheless encounter one of the sparse MHC class I antigens present- 
ing a foreign peptide on a muscle cell leading to the death of this cell. The demise of a transfected cell 
would cause the release of antigen that, upon processing and presentation by professional antigen-present- 
ing cells, might provide a stimulatory signal to T helper cells. The finding that antigen-expressing muscle 
cells could be demonstrated histologically only for a few weeks rather than a number of months speaks 
against this pathway. Life long immunity can generally be achieved only by a large antigenic load typically 
seen upon a natural virus infection. It is hard to envision that transfection of muscle cells achieves a com- 
parable level of antigen. A viral infection is normally controlled by the immune system within 7-14 days. 
The longer duration of antigen expression upon genetic immunization might counterbalance the smaller 
antigenic load; in other words, two factors might play a role in achieving long lasting immunity, the initial 
antigenic load that determines the magnitude of the acute response, and, presumably, the frequency of spe- 
cific memory cells and the duration of antigenic presence that might favor generation of memory cells over 
stimulation of effector cells, which are eliminated by programmed cell death once the antigen has disap- 
peared. 
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Risks versus benefits of genetic vaccines. As already mentioned, some of the advantages of genetic 
vaccines are their ease of construction and purification and their high temperature stability. As opposed to 
vaccines based on inactivated pathogens, proteins, or peptides, plasmid vectors induce, in addition to T 
helper cells and antibodies, cytolytic T cells that play a major role in limiting the spread of viruses or can- 
cer cells. Other subunit vaccines such as viral recombinants based on vaccinia or adenovirus not only carry 
the risks inherent to any infectious replication-competent agent but also induce a potent immune response 
to the vaccine carrier that might interfere with repeated use of such vaccines. 

Although vaccines based on plasmid vectors carry none of the risks associated with attenuated pathogens, 
they might have their own set of problems. Inoculation of microgram amounts of double-stranded DNA 
might cause stimulation of antibodies to DNA that are associated with autoimmune diseases such as sys- 
temic lupus erythematosus. We found that inbred mice inoculated repeatedly with large doses of plasmid 
vectors failed to develop detectable levels of antibodies to single- or double-stranded DNA (22). Although 
these data are promising, individuals prone to autoimmune disease might nevertheless develop antibodies 
to DNA upon genetic immunization. Further studies in appropriate animal species such as Ipr mice are 
needed to address this potential risk. 

Integration of vector DNA into the host cell genome causing disruption of genes required for regulation 
of cell growth might result in transformation and cancer. This, the most serious of all the theoretical risks 
of genetic immunization, could occur by retroviral insertion or homologous or random integration. Retroviral 
insertion is fairly efficient in dividing cells and can be avoided by choosing vectors that lack the retroviral 
sequences needed for insertion. The risk of homologous recombination can also be minimized. Random in- 
tegration, a fairly rare event, might occur, especially if the DNA is targeted toward dividing cells such as 
those present in skin or mucosal membranes. Experiments conducted thus far show that the DNA remains 
episomally (39), and integration into the host cell genome has not been observed. Some data indicate that 
mammalian cells are able to compartmentalize foreign DNA such as viral DNA that penetrates the nucleus 
(40), a device that might have been favored by evolution to prevent random integration of unwanted ge- 
netic material and that might unintentionally benefit gene vaccinology. 

Can genetic immunization result in unwanted immunological consequences such as induction of unre- 
sponsiveness due to prolonged presence of antigen on cells lacking costimulatory signals? Again although 
results thus far suggest that genetic immunization does not induce tolerance (22), further studies using a 
variety of different antigens are needed to address this potential problem. 

Plasmid vectors as immunological tools. The ease of modifying genes present in vectors by, for ex- 
ample, site-directed mutagenesis, insertion or addition of sequences, invites their use to address basic im- 
munological questions; the cellular localization of a protein can be changed by adding or removing signal 
sequences or transmembrane domains; the glycosylation or phosphorylation pattern of a protein can be mod- 
ified by elimination or addition of the required anchoring sites; dominant T cell epitopes can be removed 
to address the potential role of so-called cryptic epitopes. We have used genetic immunization to test the 
role of individual cytokines in initiating a primary immune response (24). The technique we have used bor- 
ders on the primitive: we mixed two plasmids, one expressing a viral antigen and the other a mouse cy- 
tokine in water, and then inoculated mice intramuscularly with this mixture. Inoculating the two vectors 
separately had no effect on the immune response. This presumably reflects that cytokines are strictly lo- 
calized within a few cell diameters and that our inoculation method is too crude to reproducibly hit the 
same group of cells. The advantage of the approach is not only its simplicity but also, when compared to 
other available methods, its better mimicry of physiological events. Thus far the role of cytokines has been 
tested either in vitro by using secondary T cell lines or T cell clones. Needless to say that results obtained 
in tissue culture with already activated T cells are unlikely to reflect the in vivo conditions that govern ac- 
tivation of virgin T cells. The effect of cytokines or lack thereof has been tested by systematically apply- 
ing cytokines or antibodies thereto. Cytokines act locally, and the overall side effects that are caused by 
flooding or depleting an entire organism might influence the observed effect. Knock-out mice lacking the 
ability to generate individual cytokines have shed light on the importance of cytokines; it has also shown 
that the immune system of a mouse is remarkably redundant and able to adjust to the complete lack of a 
cytokine. Genetic immunization has the advantage over these other methods of providing cytokines locally 
in conjunction with the antigen. The disadvantage is that we know neither the amounts of cytokines pre- 
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sent at the site of inoculation nor the duration of their secretion. Using plasmid vectors with inducible pro- 
moters would address the later problem while careful dose-response curves would, at least partially, ad- 
dress the former one. , . 

Thus far, we have tested the effect of GM-CSF, IL-4, and IFN--y on immunization of mice with a vector 
expressing the rabies virus glycoprotein under the control of the SV40 promoter. GM-CSF, as already men- 
tioned, enhanced during the initial phase of the response both the T helper and the B cell response. GM-CSF 
is known to activate and recruit dendritic cells, which presumably improves presentation of the vector-en- 
coded antigen and hence the immune response. Mice inoculated only with the antigen-expressing vector de- 
veloped antibody titers that remained at the same level for at least 11 months. Mice coinoculated with GM- 
CSF developed substantially higher antibody titers initially, which, with time, declined well below those of 
the control mice, indicating that an enhanced immune response to genetic immunization might lead to more 
efficient removal of transfected muscle cells, thus causing a more rapid decline of the antibody titers. 

IL-4, which we had assumed to drive the T helper cell toward the Th2 pathway, caused, at least in C3H/He 
mice, a shift in the kinetic of the immune response; the T helper and B cell response was starkly reduced 
during the initial phase after immunization and then increased, eventually, 5 months later, exceeding the 
response of control mice. The immune response in presence of IL-4 did not shift toward a Th2 type re- 
sponse, but remained of a ThO/Thl type. In addition, presence of the IL-4-secreting vector clearly enhanced 
the cytolytic T cell response tested 5 months after immunization. We have currently no explanation for this 
finding. Stimulation of antibodies to IL-4 could explain the data, but our attempts to demonstrate such an- 
tibodies in the sera of mice vaccinated with the IL-4-expressing plasmid were unsuccessful (Ertl et al., un- 
published data). 

IFN-y, which we had expected to improve the immune response by upregulating MHC expression on 
muscle cells, slightly reduced stimulation of B and T cells upon vector immunization indicating that the 
level of expression of MHC determinants on transfected muscle cells was not a limiting factor in intra- 
muscular genetic immunization. 
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